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In	 this	 chapter,	 we	 investigated	 the	 fundamental	 properties	 of	 a	 rarely	
reported	iron	sulfide:	greigite	(Fe3S4).	High	purity	Fe3S4	is	first	synthesized	by	
a	 simple	 hydrothermal	 method.	 The	 as-prepared	 material	 has	 the	 largest	
saturation	 magnetization	 than	 of	 all	 reported	 values	 and	 showed	 no	 low	
temperature	 transition	between	5K-	300K.	Raman	spectra	of	greigite	were	
measured	 both	 in	 air	 and	 vacuum,	 and	 were	 in	 good	 agreement	 with	
theoretical	calculations.	The	application	of	the	synthesized	crystals	as	anode	
materials	 of	 lithium	 ion	 batteries	 is	 also	 investigated.	 The	 results	 showed	
























Greigite	 (Fe3S4)	 was	 discovered	 in	 silt	 and	 clay	 sediments	 in	 1964	 in	 California.1	 Its	
formation	accompanies	 the	decomposition	of	organic	matter	 in	 the	biogeochemical	 and	
bacterial	 sulphate	 reduction	 process.2	 However,	 greigite	 was	 initially	 believed	 to	 be	
palaeomagnetically	unimportant	due	 to	 its	 thermodynamic	metastability	and	 lack	of	any	
lasting	record	on	geological	time	scales.3	This	traditional	viewpoint	changed	when	greigite	
was	 discovered	 in	 the	 sediments	 of	 Loch	 Lomond,	 indicating	 greater	 thermodynamic	
stability	than	previously	proposed.4,	5	Interestingly,	greigite	provides	clues	in	the	search	for	
life	on	Mars.		In	the	martian	meteorite	ALH84001,	which	is	proposed	to	have	crystallized	
from	molten	 rock	 4	 billion	 years	 ago,	 an	 elongated	multicrystalline	 core	 of	 greigite	was	
found	inside	an	organic	envelope.6,	7	This	may	be	from	the	fossil	remains	of	martian	biota.	




rather	 than	 using	 traditional	 heterostructure	 devices.8	 Fe3S4	 is	 also	 a	 potential	 anode	
material	 in	 lithium-ion	 batteries	 (LIBs).	 The	 use	 of	 Fe3O4	 in	 LIBs	 has	 been	 researched	
extensively	 because	 of	 its	 high	 theoretical	 capacity.9	 As	 discussed	 later,	 Fe3S4	 has	 a	
theoretical	capacity	of	785	mAh/g,	two	times	higher	than	the	conventional	anode	material	
graphite	 (372	mAh/g).	 Considering	 that	 greigite	 is	 nontoxic	 and	 abundant,	 it	 is	 an	 ideal	
material	for	high	performance	LIBs.	Furthermore,	greigite	also	has	potential	applications	in	
hydrogen	storage,	cancer	hyperthermia,	and	magnetic	guided	delivery	of	drug.	10-12	
Greigite	 is	 an	 iron	 thiospinel	 and	 has	 the	 same	 inverse	 spinel	 structure	 as	 its	 oxide	
counterpart	magnetite,	Fe3O4.	The	crystallographic	structure	of	Fe3S4	is	displayed	in	Figure	
1.	The	unit	cell	consists	of	eight	Fe3S4	moieties	(space	group:	Fd-3m).	The	S	atoms	form	a	
face-centered-cubic	 lattice,	 in	which	 1/8	 of	 the	 tetrahedral	A-sites	 are	 occupied	 by	 Fe3+	
and	1/2	of	the	octahedral	B-sites	are	equally	occupied	by	Fe2+	and	Fe3+.	A	neutron	powder	
diffraction	study	indicated	a	collinear	ferromagnetic	structure	in	which	the	iron	moments	




Despite	 the	 studies	 referred	 to	 above,	 greigite	has	 received	much	 less	 attention	 than	




samples	 of	 either	 natural	 or	 synthetic	 greigite	 has	 thus	 far	 hindered	 precise	
determinations	of	its	physical	and	chemical	properties,	including	saturation	magnetization,	
Curie	 temperature	 Tc,	 the	 first	 anisotropy	 constant	 K1,	 and	 the	 electrical	 conductivity.	
Several	synthesis	methods	have	recently	been	reported.	Akhtar	et	al.17	prepared	precursor	
dithiocarbamato	 Fe3+	 complexes	 and	 then	 performed	 thermolysis	 in	 oleylamine	 at	
different	 temperatures.	 Greigite	 was	 always	 the	 dominant	 product	 but	 often	 coexisted	









high	 pressure	 (>2MPa)	 and	 low	 temperature	 (<300	 °C)	 have	 been	 widely	 used	 in	 the	
synthesis	of	nanoarchitectured	materials.19,	20	For	example,	a	hydrothermal	method	in	an	
external	 magnetic	 field	 allowed	 either	 greigite	 or	 marcasite	 (FeS2)	 to	 be	 selectively	
synthesized	in	the	form	of	microrods.21	Using	a	similar	method,	Chang	et	al.22		synthesized	
polycrystalline	 greigite.	 It	 is	 difficult	 to	 obtain	 pure	 synthetic	 greigite	 because	 most	
procedures	 simultaneously	 produce	 other	 iron	 sulfides	 such	 as	 mackinawite	 (FeS)	 and	
pyrite	(FeS2).	This	is	often	apparent	in	previous	reports	from	poor	quality	X-ray	diffraction	
patterns	that	contain	impurity	peaks	and	broad	greigite	peaks	that	imply	poor	crystallinity.	











				Herein,	a	 simple	hydrothermal	method	 is	developed	 to	synthesize	high	purity	greigite.	













Nitrogen	 gas	was	 bubbled	 for	 at	 least	 30	minutes	 through	 35	mL	 of	 H2O	 to	 remove	 all	
dissolved	oxygen	before	the	synthesis.	In	a	typical	experiment,	(0.6	mmol,	0.2187	g)	of	the	
surfactant	 cetrimonium	 bromide	 (CTAB)	 was	 dissolved	 in	 the	 water	 under	 continuous	
stirring	to	form	a	solution.	After	10	minutes,	(3	mmol,	0.365	g)	of	L-cysteine	and	(2	mmol,	
0.2535	 g)	 of	 FeCl2	were	 added	 to	 the	 solution.	 The	 solution	was	 stirred	 for	 another	 10	
minutes,	 and	 then	 transferred	 into	 a	 50	mL	 Teflon-sealed	 autoclave.	 The	 autoclave	was	
kept	at	165	°C	for	40	h	before	being	cooled	to	room	temperature	in	air.	A	black	precipitate	
was	 collected	 and	 washed	 with	 distilled	 water	 and	 ethanol	 three	 times.	 Finally,	 the	
product	was	heated	at	60	°C	under	vacuum	for	8	h.	
3.2.2	Characterization	
Room	 temperature	 power	 X-ray	 diffraction	 (XRD)	 data	were	 recorded	with	 a	 Bruker	 D8	
Advance	diffractometer	equipped	with	a	Cu	Kα	source	(λ=	0.15406	nm).	XRD	data	at	20	K	
were	 collected	 using	 a	 Huber	 G670	 diffractometer	 operating	 with	 Cu	 Kα	 radiation	 and	
equipped	 with	 a	 closed-cycle	 refrigerator.	 The	 morphology	 and	 crystal	 structure	 were	
examined	 using	 a	 Philips	 XL	 30	 scanning	 electron	 microscope	 (SEM)	 and	 a	 JEM	 2010F	
transmission	 electron	microscope	 (TEM)	 operated	 at	 an	 accelerating	 voltage	 of	 200	 KV.	
The	 magnetization	 was	 measured	 using	 a	 Quantum	 Design	 MPMS-XL7	 SQUID	
magnetometer.	 Mössbauer	 spectra	 were	 measured	 at	 room	 and	 liquid	 nitrogen	
temperatures	 using	 a	 constant	 acceleration	 spectrometer	 MS-1104M	 with	 a	 57Co(Rh)	
radiation	 source.	 For	 measurement	 of	 the	 electronic	 properties,	 a	 rectangular	 shaped	
polycrystalline	sample	was	prepared	by	pressing	Fe3S4	particles	under	3	×	107	Pa	pressure	
for	 15	 min.	 The	 electrical	 contacts	 were	 made	 using	 Pt	 wire	 (0.05	 mm	 in	 diameter)	
connected	 to	 the	 sample	 by	 silver	 paint.	 The	 measurements	 were	 performed	 using	 a	
commercial	 Quantum	 Design	 Physical	 Properties	 Measurement	 System	 (PPMS)	 and	 an	
Agilent	 3458a	 multimeter.	 Raman	 spectra	 were	 measured	 in	 a	 backscattering	
configuration	using	a	liquid	nitrogen	cooled	charged	coupled	device	(CCD)	connected	to	a	
three	 grating	 micro-Raman	 spectrometer	 (T6400	 Jobin	 Yvon).	 The	 incident	 laser	 power	






acetylene	 black	 and	 polyvinylidene	 fluoride	 (PVDF)	 in	 a	 weight	 ratio	 of	 80:10:10	 in	 N-
methyl-2	pyrrolidinone	(NMP).	The	obtained	slurry	was	coated	onto	copper	foil,	dried	at	
120	°C	for	12h,	and	then	punched	into	round	plates	of	diameter	12.0	mm	to	form	anode	
electrodes.	 Finally,	 the	 prepared	 anode,	 a	 Celgard2400	 separator	 (diameter	 16.0mm),	 a	
lithium	 cathode,	 and	 an	 electrolyte	 consisting	 of	 1M	 LiPF6	 in	 ethylene	 carbonate	 (EC)	 /	
diethyl	carbonate	(DEC)	/	ethyl	methyl	carbonate	(EMC)	(1:1:1	vol.%)	were	assembled	into	
a	 coin	 cell	 (CR2032)	 in	 an	 argon	 filled	 glove	 box	 (H2O	 and	 O2<1ppm).	 The	 coin	 cells	
prepared	were	 kept	 at	 room	 temperature	 for	 ten	minutes	 at	 4.2V	 during	 charging	 and	















temperature	 are	 presented	 in	 Fig.	 3.2.	 All	 the	 peaks	 can	 be	 indexed	 in	 the	 cubic	 Fe3S4	
spinel	 structure	with	space	group	Fd-3m	(PDF	card	No.	16-0713).	No	peaks	belonging	 to	
sulfur	 or	 to	 other	 iron	 sulfides	 or	 oxides	 were	 observed,	 implying	 that	 no	 crystalline	
impurities	were	present	at	more	than	1%	by	weight.	The	refined	lattice	parameter	was	a	=	
9.8719	 (1)	 Å,	 which	 is	 in	 good	 agreement	 with	 the	 reported	 value	 for	 greigite.26	 	 The	
refined	atomic	 coordinate	of	 sulfur	on	 the	32e	 site	was	x	=	y	=	 z	=	0.2546(1),	 in	perfect	
agreement	 with	 calculations.8	 Other	 than	 a	 contraction	 of	 the	 unit	 cell,	 the	 refined	
structure	at	20	K	was	essentially	the	same	as	at	room	temperature;	details	are	given	in	the	
Supporting	 Information	 Figure	 S1.	 The	 molar	 ratio	 of	 Fe	 to	 S	 was	 2.99:4	 according	 to	
energy-dispersive	 X-ray	 spectroscopy	 (EDS)	 analysis	 (Figure	 S2),	 consistent	 with	 a	
stoichiometric	 Fe3S4	 sample.	 It	 should	 be	 noted	 here	 that	 the	 synthesis	 of	 pure,	
stoichiometric	 greigite	 requires	 carefully	 optimized	 experimental	 parameters.	 A	 small	
difference	in	the	reaction	temperature,	the	quantity	of	CTAB,	and	the	purity	of	the	starting	








Figure	 3.3	 (a)	 SEM	 image	 of	 Fe3S4	 crystals	 synthesized	 in	 this	 work:	 three	 typical	 octahedra	 are	
presented	 in	 the	 upper	 left	 inset,	 and	 the	 corresponding	 elemental	maps	 are	 shown	 in	 the	 right-




The	 SEM	 images	 in	 Figure	 3.3a	 reveal	 that	 the	 product	 consists	 of	 well	 dispersed	
microcrystals	 with	 uniform	 (truncated)	 octahedral	 shapes.	 These	 (truncated)	 octahedra	
are	fully	developed	and	composed	of	eight	27	planes	with	a	mean	edge	 length	of	~1	μm.	
Elemental	 mapping	 of	 the	 crystals	 indicates	 that	 the	 S	 and	 Fe	 are	 distributed	
homogeneously.	 It	 has	 been	 demonstrated	 that	 greigite	 is	 very	 sensitive	 to	 oxygen	 and	
can	be	oxidized	to	 iron	oxide,	especially	 in	wet	conditions.16	However,	we	did	not	detect	
oxygen	on	the	surface	of	the	crystals,	which	implies	that	high	purity	greigite	is	more	stable	
than	 expected.	 In	 accordance	 with	 the	 SEM	 results,	 TEM	 images	 (Fig.	 3.3b)	 show	 the	
morphology	of	 the	 crystals	 in	more	detail.	 The	 selected	area	electron	diffraction	 (SAED)	
pattern	recorded	along	the	[1	-3	4]	zone	axis	direction	can	be	uniquely	indexed.	Although	























equivalent	B	 sites,	 the	 detailed	meaning	 of	 which	 is	 explained	 below.)	 Thus,	 both	 sites	
have	the	same	isomer	shift	within	experimental	error.	However,	the	hyperfine	field	of	the	
Ba	 site	 is	 always	 larger	 than	 that	 of	 the	Bb	 site	 (3.14	 T	 versus	 3.05	 T	 at	 RT,	 and	 3.29	 T	
versus	 3.19	 T	 at	 80	 K).	 The	 same	 result	 was	 recently	 obtained	 in	 a	 study	 of	 greigite	
nanoparticles	of	different	sizes,	but	here	the	third	sextet	was	attributed	to	the	hexagonal	
smythite	 phase.30	 Smythite	 was	 first	 assigned	 the	 same	 chemical	 formula	 as	 greigite,	
Fe3S4,31	but	this	was	subsequently	revised	to	Fe9S11.32	The	difference	in	symmetry	between	
smythite	and	greigite	means	that	they	can	easily	be	distinguished	by	XRD.	Considering	the	










the	A	 site	 increased	with	applied	external	magnetic	 field,	whereas	Hhyp	 for	the	Ba	and	Bb	
sites	decreased	by	nearly	the	same	values	(see	Figure	4B	and	Table	S1).	Both	observations	




				For	 a	 dominating	magnetic	 hyperfine	 interaction,	 the	Mössbauer	 resonance	 lines	 are	











our	 experimental	 data.	 If	 instead	 the	 easy	 magnetization	 direction	 is	 along	 [111]	 as	 in	
magnetite,	then	θ	=	90°	for	¾	of	the	B-site	cations	(red	spheres	in	Figure	4a)	and	θ	=	0	for	
the	remaining	¼	of	the	B-site	cations	(green	sphere	in	Figure	4a).	This	will	yield	two	B-site	
subspectra	with	relative	 intensities	of	3	 :	1.	For	our	data	the	ratio	 is	2.6	 :	1	at	300	K	but	
only	 1.8	 :	 1	 at	 80	 K.	 Two	 B-site	 sextets	 with	 an	 intensity	 ratio	 of	 3	 :	 1	 have	 also	 been	
observed	 in	Mössbauer	 spectra	 of	 Fe3O4	 above	 the	 Verwey	 transition.33-35	 Furthermore,	








an	 easy	 magnetization	 axis	 along	 the	 [111]	 direction,	 rather	 than	 the	 [100]	 direction	
reported	in	previous	work.	We	conclude	that	the	direction	of	Hhyp	with	respect	to	the	easy	
axis	 is	 the	most	 likely	 explanation	 for	 the	 two	 B-site	 sextets	 in	 greigite.	 The	 significant	
difference	from	the	theoretical	intensity	ratio	of	3	:	1	at	80	K	might	indicate	that	the	easy	
axis	 moves	 away	 from	 [111]	 at	 low	 temperature;	 for	 example,	 a	 1	 :	 1	 ratio	 would	 be	







Magnetic	hysteresis	 loops	 at	 5	K	 and	300	K	of	our	 greigite	 sample	 are	presented	 in	 Fig.	
3.5a	 and	 Figure	 S4,	 respectively.	 Typical	 ferrimagnetic	 behavior	 is	 observed	 in	 the	
measured	 temperature	 range,	 with	 a	 coercive	 field	 Hc	 =	 92	 Oe	 and	 a	 remanent	




where	 M	 is	 the	 magnetization,	 Ms	 is	 the	 saturation	 magnetization,	 a,	 b,	 and	 c	 are	
constants	 that	 describe	 the	 structural	 inhomogeneity	 within	 the	 sample,	 the	 magnetic	
anisotropy	 energy	 and	 the	 paraeffect	 caused	 by	 the	 external	 field,	 respectively.38	 The	










shown	 in	 Fig.	 3.5b.	 The	 slope	 of	 0.1146	 Oe	 indicates	 that	 these	 microstructural	
inhomogeneities	act	as	stress	centers	in	the	spin	alignment	around	them.	The	deviation	of	
the	linear	relationship	at	high	field	can	be	attributed	to	the	paraprocess.	This	can	be	seen	
in	 the	 variation	of	Ms	 as	 function	of	H1/2	(Fig.	 3.5b)	 for	 fields	 >	 3.2	 T.	Unfortunately,	we	




Ms	 allows	 easy	 separation	 of	 the	 greigite	 crystals	 from	 the	 solution	 when	 a	 magnet	 is	
placed	near	the	glass	bottle	(see	inset	to	Fig.	3.5a).	Coey	et	al.	predicted	assuming	a	purely	
ionic	model	 that	Ms	 should	 be	 4	μB.34	 The	magnetization	measured	 in	 our	 current	work	
approaches	this	value	and	is	an	indicator	of	the	high	quality	of	the	sample.	However,	it	is	
important	to	address	the	difference	between	our	experimental	and	expected	values.	It	is	





the	 increase	 in	 covalency	 is	 caused	by	 the	overlap	of	wave	 functions	between	 Fe	 and	 S	
ions,	which	from	the	band	point	of	view	corresponds	to	a	higher	degree	of	hybridization	
between	 the	 sulfur	 3p	 and	 iron	 3d	 bands.	 Thus,	 the	 ordered	 moment	 is	 lowered.	 The	
increased	covalency	effect	is	also	suggested	by	the	lower	hyperfine	fields	in	greigite	than	








Fig.	 3.5	 (a)	 Magnetization	 versus	 field	 loop	 measured	 at	 5	 K.	 The	 inset	 shows	 the	 magnetic	
separation	 of	 Fe3S4	 crystals	 from	 aqueous	 solution	 using	 an	 external	 magnet.	 (b)	 Magnetization	
versus	H-1	(black)	and	H1/2	(blue)	for	the	loops	at	5	K.	(c)	FORC	diagram	of	the	crystals.			
Another	contribution	to	the	reduction	of	the	saturation	magnetization	could	be	caused	







is	 open	 (inset	 to	 Fig.	 3.5a)	 for	 both	 positive	 and	 negative	 field	 sweeps	 up	 to	 6	 T.	 This	
opening	indicates	that	some	of	the	magnetic	spins	have	a	“switching	field”	larger	than	6	T.	
A	 similar	 phenomenon	was	 also	 observed	 in	milled	NiFe2O4	 spinel.43	We	 recorded	 first-
order	 reversal	 curve	 (FORC)	diagrams,44	which	 are	 able	 to	probe	domain	 states	 and	 the	








interactions.	 This	 is	 characteristic	 for	 pseudo	 single-domain	 (PSD)	 greigite.45	 It	 is	 well	
known	that	the	spins	are	completely	aligned	by	exchange	interactions	in	sufficiently	small	
PSD	 crystals,	 and	 that	 the	 rotation	 barriers	 induced	 by	 magnetocrystalline	 and	
magnetoelastic	anisotropy	can	trap	particles	in	two	or	more	metastable	orientations.43	We	






the	 final	 product,	 because	 complete	 removal	 of	 the	 surfactant	 from	 the	 crystals	 is	




















	 A1g	 Eg	 T2g	1	 T2g	2	 T2g	3	
Exp.	 365 181 350 252 140 
Cal.	 327 180 312 238 142 
Ions	involved	 S S S, Fetera S, Fetetra S, Fetetra 
Table	3.1	Measured	and	calculated	zone	center	phonon	frequencies	
				The	 measured	 Raman	 spectrum	 of	 greigite	 in	 vacuum	 is	 shown	 in	 Fig.	 3.6,	 and	 the	
calculated	and	experimental	 frequencies	of	 the	Raman	active	modes	are	shown	 in	Table	
3.1.	 The	A1g	mode	 represents	 the	 stretching	 of	 S	 atoms	 towards	 the	 tetrahedral	 site	 Fe	
atom.	The	calculated	frequency	is	underestimated	by	10%	compared	to	the	experimental	
value.	 The	 Eg	 mode	 represents	 the	 bending	 of	 S	 –	 Fetetra	 –	 S	 bonds.	 The	 calculated	
frequency	agrees	well	with	 the	experimental	value.	Three	T2g	modes	 that	originate	 from	
the	asymmetric	bending	of	Fe	–	O	were	also	observed.	For	 the	T2g1	and	T2g2	modes,	 the	
calculated	 frequencies	 are	 underestimated	 by	 11%	 and	 5.5%.	 For	 the	 T2g3	 mode,	 the	
calculated	frequency	agrees	well	with	experiment.	 Interestingly,	when	the	measurement	







The	high	purity	of	our	sample	offers	 the	unique	opportunity	 to	 investigate	 the	electrical	
transport	 properties	 in	 Fe3S4.	 Four-probe	 resistance	measurements	 were	 performed	 on	
pressed	 bar-shaped	 polycrystalline	 samples	 as	 illustrated	 in	 the	 inset	 to	 Fig.	 3.7b.	 As	
shown	in	Fig.	3.7b,	the	linear	I-V	curves	indicate	that	Ohm’s	law	is	obeyed	from	20K	to	RT,	




mΩcm	 at	 RT,	 suggesting	 that	 there	 is	 a	 cross-over	 from	metallic	 to	 semiconductor-like	
behavior	 at	 ~100	 K.	 This	 may	 originate	 from	 the	 localization	 of	 carriers	 or	 a	 change	 in	
hopping	 mechanism	 with	 varying	 temperature.51	 Nevertheless,	 the	 resistivity	 is	 in	 the	
poor-metal	 range	 and	 is	 40	 times	 smaller	 than	 the	 values	 reported	by	Coey	et	 al.31	 and	
Paolella	 et	 al.,51	 and	 7000	 times	 smaller	 than	 the	 value	 measured	 on	 a	 single	 greigite	
microrod.21	The	lower	resistivity	can	be	attributed	to	the	high	purity	and	high	crystallinity	
of	the	microcrystals.	It	should	be	noted	that	there	is	no	sharp	change	in	resistivity	over	the	










Fig.	 3.7	 (a)	 Four-probe	 I-V	measurements	 at	 20,	 100,	 180,	 and	 300	 K.	 (b)	 Resistivity	 of	 greigite	
between	5	K	and	300	K	and	the	corresponding	contact	geometry	(inset).	
				It	 has	 been	 demonstrated	 that	 Fe3O4	 is	 a	 half	 metal	 where	 the	 electronic	 density	 of	
states	 is	 100%	 spin	 polarized	 at	 the	 Fermi	 level.	 This	 has	 been	 confirmed	by	 both	 band	
structure	 calculations	 and	 experiments.52-54	 However,	 our	 recent	 electronic	 structure	
calculations	using	the	previously	reported	room	temperature	crystal	structure	of	greigite	






in	 comparison	 with	 bulk	 samples.55	 This	 implies	 that	 the	 Fe3O4	 (100)	 surface	 shows	
metallic	 behavior	 rather	 than	 the	 half	 metallic	 behavior	 exhibited	 by	 bulk	 samples.	
















3.8a.	 In	 the	 first	cycle	 the	voltage	decreases	sharply	 to	1.7	V	and	reaches	a	plateau	at	a	
capacity	of	~150	mAh/g.	A	second	voltage	plateau	is	observed	at	~1.4	V	up	to	a	capacity	of	
~600	mAh/g,	followed	by	a	steady	decrease	to	the	cutoff	voltage	of	0.01	V.	This	indicates	
that	 the	discharge	process	 involves	a	 two-phase	 reaction.56	For	our	greigite	cell	 the	 first	
intercalation	cycle	gives	a	discharge	capacity	of	1161	mAh/g	and	a	corresponding	charge	
capacity	 of	 1139	 mAh/g.	 This	 capacity	 is	 10	 times	 larger	 than	 previously	 reported	 for	










lithium	 insertion,	 resulting	 in	 disintegration	 of	 the	 crystals	 and	 loss	 of	 the	 connection	
between	 the	 electrode	 materials	 and	 the	 current	 collector.60	 	 The	 capacity	 stops	
decreasing	after	~20	cycles	and	then	increases	gradually	to	563	mAh/g	in	the	100th	cycle	
(also	 see	Fig.	 S8).	This	 is	 still	much	 larger	 than	 the	capacity	of	 cells	with	graphite	as	 the	
electrode	material,	320-340	mAh/g.59	The	reason	for	the	stability	of	our	greigite	cell	is	not	
clear.	We	suggest	 that	 the	nanostructured	Fe0-amorphous	Li2S	composite	 formed	during	





peak	at	~1.18	V	with	a	 shoulder	at	~1.51	V	 indicates	 the	 insertion	of	 Li	 followed	by	 the	
reduction	 of	 both	 Fe3+	and	 Fe2+	ions	 to	 Fe0,	 forming	 the	 Fe0-Li2S	 composite	 as	 described	
above.61	The	reduction	peak	at	0.72	V	is	consistent	with	the	formation	of	a	SEI	film.	This	is	
also	 the	 main	 reason	 for	 the	 irreversible	 capacity	 during	 the	 discharge	 process.	 In	 the	
subsequent	oxidation	scan,	the	material	is	converted	to	Li2FeS2	at	~	1.97	V	and	then	to	FeS	
at	~	2.52	V	by	 the	 reaction	of	 Li2FeS2	with	 the	 resulting	Fe.	These	peaks	nearly	 coincide	



















loss	 of	 capacity	may	 result	 from	an	 incomplete	 conversion	 reaction	 and	 the	 irreversible	
loss	 of	 Li	 ions	 due	 to	 the	 formation	 of	 a	 SEI	 layer	 as	 discussed	 above.	 The	 subsequent	
capacity	 losses	 are	 perhaps	 caused	 by	 defects	 in	 the	 greigite	 crystals,	 the	 structure	 of	
which	 is	 shown	 in	Fig.	3.3c.	Small	numbers	of	Li	 ions	might	be	 trapped	 in	 these	defects,	
thus	 inducing	 the	 irreversible	 capacity.62	 Interestingly,	 the	 discharge	 capacity	 increases	




linked	 to	 an	 activation	 process	 in	 the	 electrode.	 As	 the	 number	 of	 cycles	 increases,	 the	
increase	in	capacity	is	always	accompanied	by	a	decrease	in	the	electrode	impedance.	The	
capacitance	of	 the	electrode	 /	 electrolyte	 interfaces	was	 also	observed	 to	 increase	with	
cycling	 for	 some	sulfides.64	Defects	and	vacancies	 in	 the	 crystals,	which	 trap	 Li	 ions,	will	
tend	 to	become	more	extended	and	 facilitate	 the	 insertion	of	more	 Li	 ions	with	 further	
cycling.	 In	 addition,	 the	 high	 crystallinity	 and	 low	 resistivity	 of	 our	 sample	 can	 also	
promote	 the	 uniform	 and	 stable	 delivery	 of	 electrons,	 further	 facilitating	 the	
deintercalation/intercalation	of	Li	 ions.	Consequently,	 the	 transfer	of	electrons	and	Li+	 is	
more	effective	at	the	interface	of	the	active	materials	and	the	electrolyte.65		
The	 octahedral	 shape	 of	 our	 crystals,	 comprising	 eight	 (111)	 surfaces,	might	 be	 a	 key	
factor	 in	 the	 high	 electrochemical	 performance.	 Figure	 1	 illustrates	 the	 atomic	
configurations	of	 the	 (001)	and	 (111)	 surfaces.	 The	 (111)	plane	contains	a	much	greater	










saturation	 magnetization	 is	 slightly	 lower	 than	 4	 μB	 due	 to	 the	 appreciable	 degree	 of	
covalency	involved	in	Fe-S	bonding,	as	well	as	the	possible	canting	of	surface	spins	caused	
by	 the	 presence	 of	 surfactant	molecules	 bonded	 to	 the	 surface.	 Greigite	 is	 different	 to	




after	 100	 cycles.	 This	 excellent	 performance,	 combined	 with	 the	 fact	 that	 greigite	 is	









Figure	 S1	 Observed	 (black	 data	 points),	 calculated	 (red	 line)	 and	 difference	 (light	 blue	 line)	 XRD	






















	 T	=	300K	 80	K	 300	K	(with	10	kOe	field)	
Parameter	 A	 Ba	 Bb	 A	 Ba	 Bb	 A	 Ba	 Bb	
δ,	mm/s	(+-0.01)	 0.27	 0.53	 0.54	 0.37	 0.67	 0.65	 0.27	 0.54	 0.51	
H,	kOe	(+-1)	 314	 314	 305	 319	 329	 319	 322	 305	 294	
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